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The formation and maintenance of prions in the yeast Saccharomyces cerevisiae is highly regulated by the cellular chaperone
machinery. The most important player in this regulation is Hsp104p, which is required for the maintenance of all known
prions. The requirements for other chaperones, such as members of the Hsp40 or Hsp70 families, vary with each individual
prion. [RNQ+] cells do not have a phenotype that is amenable to genetic screens to identify cellular factors important in prion
propagation.Therefore, we used a chimeric construct that reports the [RNQ+] status of cells to perform a screen for mutants
that are unable to maintain [RNQ+].We found eight separate mutations in Hsp104p that caused [RNQ+] cells to become [rnq-].
These mutations also caused the loss of the [PSI+] prion. The expression of one of these mutants, Hsp104p-E190K, showed
differential loss of the [RNQ+] and [PSI+] prions in the presence of wild type Hsp104p. Hsp104p-E190K inefficiently propagated
[RNQ+] and was unable to maintain [PSI+]. The mutant was unable to act on other in vivo substrates, as strains carrying it
were not thermotolerant. Purified recombinant Hsp104p-E190K showed a reduced level of ATP hydrolysis as compared to
wild type protein. This is likely the cause of both prion loss and lack of in vivo function. Furthermore, it suggests that [RNQ+]
requires less Hsp104p activity to maintain transmissible protein aggregates than Sup35p. Additionally, we show that the L94A
mutation in Rnq1p, which reduces its interaction with Sis1p, prevents Rnq1p from maintaining a prion and inducing [PSI+].

Introduction
Prions are proteins that can form a self-propagating aggregated
state. In mammals, prions are a causative agent of neurodegenerative disease.1 In yeast, however, prions act as an epigenetic mode
of inheritance. The prion-forming proteins in yeast are involved
in a variety of cellular processes, including nitrogen catabolism,
translation termination and chromatin modification.2-4 One
of the yeast prions, [PSI+], provides a potential mechanism to
respond to environmental stresses.5-8 Interestingly, [PSI+] is regulated by another prion, [RNQ +], whose presence increases the
rate of [PSI+] appearance.9-12 However, [RNQ +] is not required
for the maintenance of [PSI+]. Thus, the maintenance of [RNQ +]
is critical for the formation of [PSI+] and its adaptive effect on
the cells.
The maintenance of yeast prions is regulated by the cellular
chaperone machinery.13,14 A crucial player in this regulation is the
AAA+ ATPase Hsp104p that is essential for the survival of acute
heat shock.15,16 Hsp104p is a disaggregase and has been shown
to dissociate aggregated proteins both in vivo and in vitro.15,17,18

Like its bacterial homolog ClpB, the active form of Hsp104p is
a ring-shaped hexamer with a pore in the center.19 Interestingly,
Hsp104p can be divided up into five functionally distinct
domains. Although the N terminus is generally dispensable for
function, the amino and carboxy termini are likely involved
in substrate binding.20,21 The two nucleotide binding domains
(NBDs) coordinate to hydrolyze ATP to ADP and this enzymatic activity is required for Hsp104p function in prion maintenance.22-25 Finally, the M domain lies between the two NBDs and
is thought to coordinate the activities of the NBDs by propagating a conformational change in response to binding or hydrolysis
of ATP.23,26,27 Due to the discrete nature of the domains, a variety
of mutations have been described in each domain of Hsp104p
that affect prion propagation.20,25,28-31
One model of Hsp104p function in prion biology posits
that Hsp104p has two roles in prion maintenance: generation
of transmissible material (seeds) from prion aggregates and
conversion of monomer into a prion-competent form.17,32-34 A
complete loss of Hsp104p activity eliminates (cures) all known
yeast prions.3,4,11,25,35 However, increasing Hsp104p activity by

*Correspondence to: Heather L. True; Email: htrue@cellbiology.wustl.edu
Submitted: 02/27/09; Accepted: 07/30/09
Previously published online: www.landesbioscience.com/journals/prion/article/9662
www.landesbioscience.com

Prion

151

Here, we describe a screen for cellular factors that affect the
propagation of the [RNQ +] prion. Using a chimeric reporter for
the [RNQ +] status of the cell, we found several novel alleles of
HSP104 that are unable to propagate both [RNQ +] and [PSI+].
Interestingly, one of the alleles shows differential rates of curing of [RNQ +] and [PSI+] in the presence of wild type Hsp104.
Additionally, we show that Rnq1p-L94A, which has a decreased
interaction with Sis1p, aggregates non-specifically and cannot
support [PSI+] induction.
Results

Figure 1. RRP reporter reveals [rnq-] cells after EMS mutagenesis. (A)
[RNQ+] cells carrying the RRP reporter were mutagenized with EMS to
approximately 14% viability and plated on YPD to assess color nonsense
suppression of ade1-14. Left panel shows colonies prior to EMS treatment
while right panel shows colonies after EMS treatment. (B) Solubility of
Rnq1p in mutagenized cells. Following EMS mutagenesis, the red colonies
were lysed and the lysate was fractionated into soluble and insoluble
components by ultracentrifugation. The total (T), soluble (S) and insoluble
pellet (P) were subjected to SDS-PAGE, transferred to PVDF and probed
with an anti-Rnq1p antibody. The strain is indicated above the blot with
[RNQ+] and [rnq-] controls shown on the left. An example of a mutagenized strain that remained [RNQ+], Red4, and one that converted to [rnq-],
Red8, are shown.

overexpressing the disaggregase cures only the [PSI+] prion and
does not affect [RNQ +] or any other yeast prion.3,4,9,11,25,35 This
indicates that Hsp104p has both general effects on all known
yeast prions and specific effects on the [PSI+] prion, at least when
overexpressed.
Other members of the cellular chaperone machinery also
show differential effects on prion propagation. For example,
overexpression of the Hsp70 family member Ssa1p cures [URE3]
but not [PSI+].36 Excess Ssa1p does, however, reduce the curing
of [PSI+] by Hsp104p overexpression and promote [PSI+] formation.37,38 Overexpression of the Hsp40 member Ydj1p cures the
[URE3] prion but affects only certain variants of [PSI+] and
[RNQ +].35,39,40 Deletion of either of two different Ssa1p nucleotide
exchange factors, SSE1 or FES1, cures [URE3] but not [PSI+],
though the deletion of SSE1 weakens [PSI+]-mediated nonsense
suppression.41,42 Moreover, Hsf1p, which regulates the expression of heat shock proteins, influences [PSI+] formation. Hsf1p
contains two activation domains and deletion of the N-terminal
activation domain inhibits [PSI+] formation while deletion of the
C-terminal activation domain promotes [PSI+] formation.43 This
suggests two classes of interaction with [PSI+] by proteins regulated by Hsf1p.
Rnq1p has been shown to interact with both Ssa1p and the
Hsp40 family member Sis1p.44,45 The propagation of [RNQ +] can
be abolished by mutations within Sis1p.33,44,46,47 Sis1p depletion
cures [RNQ +], [PSI+] and [URE3], albeit with varying efficiency,
which may indicate different requirements for its activity in prion
maintenance.48
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EMS mutagenesis reveals genes necessary for the maintenance
of [RNQ +]. We developed a system to identify cellular factors
important in the propagation of [RNQ +]. The phenotypes associated with [RNQ +], insolubility of the Rnq1 protein and an
increase in the induction rate of [PSI+], are not amenable for use
in a high-throughput screen. Therefore, we used the RRP reporter
to assay the [RNQ +] status of the cells. As described previously,50
RRP consists of a fusion of the Rnq1p prion forming domain
(PrD) and the C-terminal translation termination domain of
Sup35p. In [rnq- ] cells, RRP is soluble and able to promote faithful termination of translation. In [RNQ +] cells, RRP aggregates
and is unable to promote faithful translation termination. We
used a strain that has the ade1-14 allele for a sensitive readout of
nonsense suppression. This allele harbors a premature stop codon
that is read through when RRP is aggregated. Therefore, [rnq- ]
cells expressing RRP are adenine auxotrophs and appear red on
rich medium (YPD) due to the accumulation of an intermediate in the adenine biosynthesis pathway. [RNQ +] cells expressing
RRP are adenine prototrophs and appear light pink on YPD.
We used EMS to create an unbiased set of mutants that are
unable to maintain [RNQ +]. A strain that was light pink due to
expression of RRP in a [RNQ +] background was mutagenized
with EMS to approximately 14% viability and plated on YPD.
Following plating on YPD, some of the colonies turned red, indicating a deficiency in adenine biosynthesis, possibly as a consequence of the loss of RRP-associated nonsense suppression (Fig.
1A). Of the approximately 150,000 colonies screened, 312 colonies turned red on YPD. These 312 colonies were re-plated onto
YPD to determine if the red phenotype was stable. 40 of these
colonies remained red following two passages on YPD, indicating a stable phenotype.
The red phenotype created by the EMS mutagenesis could
result not only from the loss of the [RNQ +] prion but also from
a variety of different mutations affecting adenine biosynthesis or translation termination. Therefore, we wanted to select
those red mutants that had, in fact, converted from [RNQ +] to
[rnq- ]. The solubility of the Rnq1 protein was analyzed by western
blot following high speed centrifugation of cell lysates. In [rnq- ]
cells, Rnq1p remains in the soluble fraction while in [RNQ +] cells
Rnq1p is found in the insoluble fraction. The solubility of Rnq1p
in the 40 stable red colonies was assayed. Of these 40 mutants, 14
showed soluble Rnq1p, indicating that [RNQ +] had been cured
(Fig. 1B and data not shown).
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Genetic linkage indicates the [rnq- ] phenotype is caused
by single mutations. Next, we assessed the genetic properties of
the red mutants. We mated the 14 [rnq- ] mutants to a wild type
[RNQ +] strain. We then assayed the solubility of Rnq1p in the
resulting diploids as described above. Three of the diploids showed
soluble Rnq1p, indicating that the diploids were [rnq- ] and that
the mutant phenotype was dominant over wild type (data not
shown). The remaining eleven mutants had insoluble Rnq1p in
the diploids, indicating that [RNQ +] was propagating in the cells
and that the mutations were recessive (data not shown).
To determine if the loss of [RNQ+] was caused by a single genetic
lesion we employed a genetic test. The [RNQ+] diploids generated
above were sporulated to obtain haploid progeny. Single mutations
should segregate in a 2:2 ratio and produce two [rnq- ] cells and two
[RNQ+] cells. Multiple mutations would create a variety of ratios
due to random segregation. The haploid progeny acquired from
the sporulation of the recessive mutants were analyzed for their
[RNQ+] status using the solubility assay described above. Eight of
the recessive mutants generated the 2:2 ratio of [rnq- ] to [RNQ+]
cells, indicating a single mutation (Fig. 2A and data not shown).
The remaining three mutants showed other ratios of [RNQ+] to
[rnq- ] haploid progeny, suggesting that multiple mutations had possibly been acquired.
Due to the ability of the three dominant mutations to cure
[RNQ +] in the diploid, all four haploid progeny will be [rnq- ],
regardless of whether the phenotype is caused by one or more
loci. However, the haploids can then be backcrossed to a wild
type, [RNQ +], haploid strain and the [RNQ +] status of the resulting diploids analyzed. Single gene traits should produce a 2:2
ratio of [RNQ +] diploids to [rnq- ] diploids. The haploid progeny
from the dominant mutants were analyzed in this manner. Only
one of the dominant mutations produced the 2:2 ratio indicative
of a single gene trait (Fig. 2B). One of the dominant mutants
failed to sporulate and, therefore, could not be analyzed in this
manner, while the third produced variable ratios indicative of a

Figure 2. Curing of the [RNQ+] prion is caused by mutation at a single
genetic locus. (A) Biochemical analysis of recessive mutations that cure
[RNQ+]. The red [rnq-] cells carrying recessive mutations created by EMS
were mated to a strain carrying wild type Rnq1p in the [RNQ+] state. The
resulting diploids were sporulated and the solubility of the Rnq1 protein
from individual haploids was analyzed as described in the legend of Figure
1. A single representative tetrad is shown. A minimum of eight tetrads
were tested for each mutant. (B) Analysis of dominant mutation that cure
[RNQ+]. The red [rnq-] cells carrying dominant mutations created by EMS
were mated to a strain carrying wild type Rnq1p in the [RNQ+] state. The
resulting diploid was sporulated and haploid progeny of this cross were
then backcrossed to strains carrying wild type Rnq1p in the [RNQ+] state.
The resulting diploids from these matings were lysed and fractionated
as above. Three tetrads were tested and a single representative tetrad is
shown.

multi-locus trait. We chose to focus on the mutants whose phenotypes were caused by alteration of a single locus.
Missense mutations in HSP104 cure [RNQ +]. We set out
to identify the specific mutations that cured the [RNQ +] prion.
Since inactivation of the cellular disaggregase Hsp104p is known
to cure all yeast prions it was an obvious candidate for our

Figure 3. The EMS-induced mutations that cure [RNQ+] are in HSP104. (A) HSP104 was deleted in the mutant strains as indicated in the methods. The
resulting Dhsp104 strains were mated to a strain carrying wild type Rnq1p in the [RNQ+] state. The resulting diploids were sporulated and the solubility of
Rnq1p from individual haploids determined by well trap assay as described in Materials and Methods, transferred to PVDF and probed with an anti-Rnq1p
antibody. Two representative tetrads are shown. A minimum of four tetrads were tested for each mutant. (B) Diagram of mutations in Hsp104p that cure
[RNQ+]. The general domain structure of Hsp104p is indicated above the diagram. NTD, N-terminal domain; NBD1, nucleotide binding domain one; M
domain, middle domain; NBD2, nucleotide binding domain two; CTD, C-terminal domain. Mutations found in strains cured of [RNQ+] are indicated below the
diagram.
www.landesbioscience.com
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Figure 4. The identified mutations in Hsp104p cure [PSI+]. Haploid [rnq-]
progeny from a cross between the mutant strains and a wild type strain
(SUP35) were mated to a wild type [PSI+] strain. The resulting diploids
were sporulated and the haploid progeny plated on YPD. Representative tetrads from four mutants are shown. Hsp104-E689K shows a 2:2
inheritance of [RNQ+] to [rnq-] colonies which is indicative of a recessive
trait. Hsp104p-A297T and Hsp104p-A502T also show a 2:2 inheritance.
Hsp104p-E190K shows a 0:4 inheritance of [RNQ+] to [rnq-] colonies
which indicates a dominant trait. A minimum of eight tetrads were
analyzed for each mutant.

mutants.3,4,11,25,35 To determine if our mutants were in Hsp104p,
we deleted the HSP104 gene in each of our mutants. The resulting Dhsp104 mutants were then mated to a [RNQ +] strain. These
diploids were sporulated and the [RNQ +] status of the haploid
progeny was assessed by a Rnq1p well-trap assay (Fig. 3A and
data not shown). For this assay, lysates from the haploid cells were
resuspended in sample buffer containing 1% SDS and incubated
at room-temperature. Insoluble Rnq1p in [RNQ +] strains resists
solubilization by SDS and does not enter the separating gel when
subjected to electrophoresis, but soluble Rnq1p enters the gel and
can be detected by western blot. All of the HSP104 deletions produced a 2:2 ratio of [RNQ +] to [rnq- ] haploids, indicating that
the mutations caused by EMS were in HSP104.
We sequenced HSP104 from each of the mutant strains and
found that eight of the single gene mutants carried a single missense mutation in the gene while one carried a nonsense mutation
(Fig. 3B). The missense mutations found were as follows: A178T,
E190K, A297T, A502T, G619D, A660T, E689K and T726I. The
G619D mutant was dominant for the curing of [RNQ +]. Of these
mutations, T726I, has been previously described.26 Additionally,
a different mutation in G619, G619V, has also been described
and both T726I and G619V have been shown to affect prion
maintenance.26,28,54 The other mutations found in this screen are
novel.
HSP104 missense mutations cure [PSI +]. Because Hsp104p
is also required for the propagation of [PSI+], we tested whether
the mutations also affected the [PSI+] prion. In order to isolate
haploids containing both the HSP104 mutation and SUP35, we
mated the original mutant strain which contained the mutant
HSP104 and RRP to a [RNQ +] strain that contained wild type
HSP104 and SUP35. We used western blot analysis to identify
spores containing wild type Sup35p that had become [rnq- ] due
to the presence of the mutant HSP104 (data not shown). RRP
is recognized by polyclonal antibodies raised against Sup35p
and can easily be distinguished from wild type Sup35p by its
larger size. The [rnq- ] strains carrying wild type Sup35p will also
carry the HSP104 mutation. We then backcrossed these strains
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to a [PSI+] [RNQ +] strain. We dissected the resulting diploids
and analyzed the degree of nonsense suppression of their haploid progeny in order to determine their [PSI+] status (Fig. 4 and
data not shown). Each of the mutants that cured [RNQ +] was
also able to cure [PSI+], indicating that the mechanism of curing
by the mutants is not specific to [RNQ +] but likely affects prion
propagation in general. Surprisingly, Hsp104p-E190K, which
was recessive for the curing of [RNQ +], appeared to be dominant for the curing of [PSI+] (Fig. 4). All of the other mutations
showed the same dominant or recessive effects on the curing of
both [RNQ +] and [PSI +].
Hsp104p-E190K cures [RNQ +] slowly in the presence of
wild-type Hsp104p. To further investigate the E190K mutation,
the mutant strain was recreated by the pop-in/pop-out method
in an unmutagenized version of 74-D694. Interestingly, initial
results indicated that HSP104-E190K was dominant for curing
[PSI+] but recessive for curing [RNQ +]. Further analysis, however, suggested that [RNQ +] was cured in a dominant fashion as
well. We hypothesized that Hsp104p-E190K was less efficient at
curing [RNQ +] than [PSI+] in the presence of wild type Hsp104p.
Two other mutations of Hsp104, P557L and L462R, are known
to cure [PSI+] but not [RNQ +].29 Of these two, Hsp104p-L462R
looked cured by the lack of Rnq1p-GFP fluorescent foci but was
confirmed [RNQ +] by SDD-AGE and mating to [rnq- ]. Therefore,
Hsp104p-L462R was suggested to weaken or destabilize [RNQ +]
but not cure it.29 To determine if Hsp104p-E190K was similar
to either of these two mutants, we transformed haploid [RNQ +]
cells expressing wild type Rnq1p with a plasmid that expresses
Hsp104p Hsp104p-E190K. We then tested the transformants for
the [RNQ +] prion by well-trap assay. Of the 24 transformants
tested, all but two had become [rnq- ] (Fig. 5A). The two remaining [RNQ +] transformants were grown in selective medium for
22 generations and then retested for soluble Rnq1p (Fig. 5B).
Both had become [rnq- ]. This is consistent with our hypothesis
that Hsp104-E190K shows inefficient curing of [RNQ +] in the
presence of wild type Hsp104p.
In order to gain more insight into the slow curing of [RNQ +]
by Hsp104p-E190K, we looked at the effect of Hsp104p-E190K
on prion strain variants of [RNQ +]. Three strain variants of
[RNQ +] have been identified that induce [PSI+] with differing
frequencies.40 The three [RNQ +] variants we used were previously
characterized as low, medium and high [PIN+] ([PSI+] inducibility) and are so named for their increasing ability to induce [PSI+]
in the presence of moderate overexpression of Sup35p. We transformed haploid cells of low, medium and high [PIN+] with a plasmid expressing Hsp104p, Hsp104p-E190K, or a vector control.
We then immediately analyzed the transformants that grew for
the state of [RNQ +] by a solubility assay (Fig. 5C). Contrary to a
previous report that showed differences in the amount of soluble
Rnq1p in these variants, our vector control revealed that all three
variants had only insoluble Rnq1p.40 This discrepancy could be
due to the difference in the solubility assays with which Rnq1p
was measured but our assay consistently shows no soluble Rnq1
protein in the lysates from these strain variants. As expected,
overexpression of Hsp104p did not cure [RNQ +] in any of the
variants. Interestingly, the expression of Hsp104p-E190K in the
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presence of wild type Hsp104p resulted in significant Rnq1 protein in the soluble pools of the three variants. In the low [PIN+]
strain, the majority of the protein had shifted to the soluble pool
while in the high [PIN+] strain, the majority of Rnq1p stayed in
the insoluble fraction. In the medium [PIN+] strain, the distribution between soluble and insoluble was approximately equal.
Thus, the efficiency of [RNQ +] curing by Hsp104p-E190K is
dependent on the strain variant of [RNQ +].
Hsp104p-E190K does not support thermotolerance. Since
our data suggest that there is a difference in handling various substrates by Hsp104p-E190K, we next asked whether the
mutant was defective in recognition and processing of other substrates in vivo. As Hsp104p is required for resistance to lethal
heat shock, we tested whether the strain carrying the Hsp104pE190K mutant was thermotolerant. Strains expressing either
wild type Hsp104p, Hsp104p-E190K, or no Hsp104p at all were
first exposed to a sublethal heat stress (37°C) to induce HSP104
expression and then exposed to a lethal heat stress (50°C). Strains
expressing wild type Hsp104p were able to recover from a 20
minute heat shock while the Dhsp104 strains showed significant
cell death (Fig. 6). The strain expressing Hsp104p-E190K was
also unable to survive lethal heat stress and appeared similar to
the deletion (Fig. 6). This indicates that the in vivo function of
Hsp104p in resolubilizing essential proteins aggregated by heat
stress is compromised by the E190K mutation.
E190K forms hexamers but has a defect in ATP hydrolysis. As the maintenance of prions is closely tied to the levels of
Hsp104p, we wanted to determine if the steady state expression
of the Hsp104p-E190K mutant is similar to that of wild type.
Lysates from logarithmically growing cells were analyzed by western blot using an antibody against Hsp104p. Hsp104p-E190K
was expressed to a similar level as wild type Hsp104p (Fig. 7A).
To determine the reason why Hsp104p-E190K is unable to
support prion propagation and is defective in protecting the cells
from heat stress, we examined two biochemical properties of
Hsp104p, hexamer formation and ATPase activity. To test the
ability of Hsp104p-E190K to form hexamers, we expressed and
purified recombinant wild type Hsp104p and Hsp104p-E190K
from E. coli. Purified protein was analyzed by size exclusion
chromatography under conditions that promote hexamer formation.54 The mutant protein eluted in a similar volume as both the
wild type Hsp104 protein and a 670 kDa standard, indicating
that under these conditions, the mutant is able to form hexamers
(Fig. 7B and data not shown).
Given that Hsp104p-E190K forms hexamers, we wanted to
see whether it is able to hydrolyze ATP as efficiently as the wild
type protein. To test this, the purified protein was incubated with
a fixed concentration of ATP. At various time points, the amount
of free Pi produced by the hydrolysis of ATP to ADP was measured. While Hsp104p-E190K did show hydrolysis of ATP, it did
not hydrolyze ATP as well as wild type Hsp104p (Fig. 7C). This
provides a likely explanation for its defect in both thermotolerance and prion propagation.
Rnq1p-L94A is unable to propagate the [RNQ +] prion.
Our screen uncovered novel mutations in Hsp104p but failed to
uncover other novel factors required for the maintenance of the
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Figure 5. E190K cures [RNQ+] slowly in the presence of wild type
Hsp104p. (A) Well-trap assays of cells containing both wild type Hsp104p
and the E190K mutant. A strain carrying wild type Hsp104p was
transformed with a plasmid expressing the E190K mutant. Lysate from
individual transformants was subjected to a well trap assay as detailed in
Materials and Methods, transferred to PVDF membrane, and blotted with
an anti-Rnq1p antibody. (B) Strains carrying both wild type Hsp104p and
the Hsp104p-E190K mutant lose [RNQ+] over time. The strains from (A)
that remained [RNQ+] were grown in selective media for the number of
generations indicated (# gen), lysed, and the [RNQ+] status was determined
by [RNQ+] solubility assay as described in Materials and Methods. (C)
The rate of [RNQ+] curing differs among [PIN+] prion strain variants. The
strain variants of [RNQ+] (high, med, low [PIN+]) which have endogenous
wild type Hsp104p were transformed with an empty plasmid (Vector) or
a plasmid containing either wild type Hsp104p (WT) or Hsp104p-E190K
(E190K). Transformants were scraped off plates, lysed and subjected to a
full solubility assay as described in Materials and Methods, transferred to
PVDF membrane and blotted with an anti-Rnq1p antibody. Three separate
transformations were analyzed and all showed similar results. Total, T;
soluble, S; insoluble pellet, P.

[RNQ +] prion. Had our screen been to saturation, we would have
predicted it to reveal point mutations in SIS1, which is required
for [RNQ +] propagation, as well as mutations in RNQ1 itself that
abolish prion propagation. The domains of Sis1p required for
the propagation of [RNQ +] have been described.44 We recently
performed a screen for mutations in Rnq1p that disrupt prion
propagation with the same RRP reporter and [RNQ +] dependent
phenotype used here.50 Interestingly, we identified mutations
that allow [RNQ +] to propagate but affect the ability of [RNQ +]
to induce [PSI+]. None of those mutations affected the interaction with Sis1p, however, as detected by co-immunoprecipitation
(Bardill JP and True HL, unpublished data). Recently, one binding site for Sis1p on Rnq1p was identified and a mutation in
Rnq1p that severely reduces the interaction with Sis1p has been
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Figure 6. Hsp104p-E190K does not allow for the yeast to recover from acute heat shock. Following 30 minutes of pre-treatment at 37°C, liquid cultures
containing identical numbers of cells of the indicated genotypes were heat-shocked at 50°C for the time indicated. Following heat shock, the cells were serially diluted and spotted onto YPD.

described.58 We created this mutation in Rnq1p, L94A, to ask
whether the alteration in the interaction with Sis1p at this site
would affect the propagation of the [RNQ +] prion.
We created the L94A mutation in a Rnq1p-expressing plasmid and analyzed its ability to maintain the [RNQ +] prion.
Expression from the native RNQ1 promoter was undetectable
by western blot, so we used a GPD promoter which produced
Rnq1p-L94A at steady state levels approximately equal to wild
type Rnq1p (data not shown). This plasmid was used to replace
wild type Rnq1p by plasmid shuffle in either a [RNQ +] or [rnq- ]
cell. The solubility of the Rnq1p-L94A mutant was then assayed.
Wild type Rnq1p fractionates into either the insoluble or soluble
fraction when shuffled through a [RNQ +] or [rnq- ] strain, respectively (Fig. 8A). Rnq1p-L94A also fractionated into the insoluble
fraction when shuffled through a [RNQ +] strain. However, the
mutant was also insoluble when shuffled through a [rnq- ] strain,
indicating that the aggregation of Rnq1p-L94A is non-specific
(Fig. 8A). Furthermore, we crossed the strain carrying Rnq1pL94A to a [rnq- ] strain and found that the haploid progeny carrying the wild type RNQ1 remained [rnq- ] (data not shown). This
suggests that the aggregates from the mutant L94A strain were
unable to transmit the aggregate structure and are thus not prionlike. We also tested the ability of Rnq1p-L94A to induce [PSI+].
Following overexpression of Sup35p, cells containing Rnq1pL94A showed a severe reduction in the ability to induce [PSI+]
(Fig. 8B). These data indicate that the interaction of Rnq1p with
Sis1p is important for the maintenance of the [RNQ +] prion as
well as [PSI+] induction.
Figure 7. Hsp104-E190K is deficient in hydrolyzing ATP but not in forming hexamers. (A) Expression analysis of Hsp104p-E190K. Lysate from
strains grown to an OD600 of 1.0 were normalized by Bradford analysis,
subjected to SDS-PAGE, transferred to PVDF and blotted with an antiHsp104p antibody. Equal loading was confirmed by probing the same blot
with anti-Pgk1p antibody. (B) Hsp104p-E190K forms hexamers. Recombinant purified Hsp104-E190K was run through a Sephacryl S-300 column in
the presence of ATP. Fractions were collected and analyzed by SDS-PAGE
followed by western blot with anti-Hsp104p and the bands quantified by
densitometry. The percent of total protein in each fraction was calculated.
The positions of eluted standards are indicated above the graph. The
molecular weight of the standards is thyroglobulin-670 kDa (T), catalase-250 kDa (C), bovine serum albumin-66 kDa (B). (C) ATP hydrolysis by
Hsp104p-E190K. The assays were performed in buffer A at 37°C. At various time points the amount of free Pi in the reaction of either Hsp104p
(circles) or Hsp104p-E190K (squares) was calculated as compared to a
standard of KH2PO4 concentrations.
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Discussion
Here we describe six novel mutations within HSP104 that cure
both the [RNQ+] and [PSI+] prions. Five of these mutations are
located in one of the nucleotide binding domains and one was
found in the M domain. One of the Hsp104p mutants, E190K,
displays differential kinetics for curing [PSI+] and [RNQ+] in the
presence of wild type Hsp104p. Furthermore, Hsp104p-E190K
shows varying kinetics within [RNQ+] variants that suggests
Hsp104 may function differently in different prion strain variants. Hsp104p-E190K is unable to support thermotolerance on its
own and shows reduced ATPase activity, suggesting that [RNQ+]
requires less Hsp104p activity to propagate the prion state than
[PSI+].
To our knowledge this represents the first screen for cellular
factors that affect [RNQ +] propagation. The phenotypes typically
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associated with the [RNQ +] prion, aggregation of Rnq1p and
[PSI+] inductions, are not readily amenable to large scale screens.
However, as the nonsense suppression of RRP is dependent on
the cells being [RNQ +],50 it constitutes an excellent system to
screen for factors that affect [RNQ +] propagation.
Our screen for mutants that are unable to propagate [RNQ +]
only uncovered mutations within HSP104. Hsp104p is the only
known protein required for the propagation of all known yeast
prions.3,4,11,25,35 Furthermore, over thirty different mutations have
been discovered in Hsp104p that affect prion propagation.20,25,28-31
These mutations are found throughout the protein and may interfere with Hsp104p activity at a variety of different steps including
substrate recognition, hexamer formation and nucleotide hydrolysis. Thus, there are many targets within Hsp104p that can be
altered and cause the loss of prion propagation. Generally, the
mutations that cure [PSI+] cause the cells to lose the thermotolerance phenotype. However, this is not always a complete loss of
thermotolerance.28 This indicates that thermotolerance and prion
propagation are genetically separable.
The majority of the mutants found in this screen were in either
NBD1 (A178T, E190K, A297T) or NBD2 (G619D, A660T,
E689K, T726I). A loss of ATPase activity from either of these
domains or the inability to form hexamers generally results in
defects in the propagation of [PSI+]. Of the two domains, NBD1
appears to provide the majority of the ATPase activity required
for disaggregation activity.23,59 While NBD2 has a low rate of
hydrolysis, nucleotide binding to NBD2 regulates the formation
of hexamers as well as the rate of hydrolysis of NBD1.22-24 As an
example of the importance of these two domains, the K218T and
K620T mutations which lie within the Walker A motifs of NBD1
and NBD2, respectively, have been shown previously to impair
ATPase activity.54 Thus, in our screen the mutants in NBD1 and
NBD2 likely alter the ATPase activity or oligomerization ability
of the protein to produce the loss of prion phenotypes. This conclusion is supported by the decreased rate of ATP hydrolysis of
Hsp104p-E190K as compared to wild type Hsp104p.
The final mutation we identified was in the M domain (A502T).
Deletions within this middle domain abrogate the function of
Hsp104p27 as this domain likely plays a role in transducing the
allosteric signal from NBD2 to NBD1. Thus, the A502T mutation we identified likely disrupts the coordination between the
domains, reducing the ATPase activity and inhibiting the overall
disaggregation ability of the protein. Interestingly, the mutation
A503V has differential effects on [PSI+] and [RNQ +].60 It causes
toxicity in [PSI+] strains and affects aggregate size but does not
affect [RNQ +] propagation.60
Due to its differential effects on curing [RNQ +] and [PSI+] in
the presence of wild type Hsp104, we extended our analysis of the
E190K mutant. While it is competent to form hexamers, it shows
significantly decreased ATPase activity in vitro as compared to
wild type Hsp104. The in vivo function of the mutant is also
compromised as it cannot support thermotolerance. Given that
it appeared to have no defect in hexamer formation, the mutant
likely forms mixed hexamers with wild type Hsp104p. This
mixed hexamer may have enough activity to temporarily propagate [RNQ +] but not [PSI+]. Our data indicate that aggregates
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Figure 8. Rnq1p-L94A aggregates but does not maintain [RNQ+] or
facilitate [PSI+] induction. (A) Rnq1p-L94A was expressed as the only copy
of Rnq1p in either a [RNQ+] or [rnq-] strain by plasmid shuffle. Lysate from
these strains were fractionated into total (T), soluble (S) and insoluble
pellet (P) by high speed centrifugation and subjected to SDS-PAGE. A
western blot was performed with anti-Rnq1p antibody. [RNQ+] status of
original plasmid shuffle strain is indicated to the left of the blot. (B) Wild
type Rnq1p was replaced with Rnq1p-L94A by plasmid shuffle in a [RNQ+]
strain. The plasmid-shuffled strain was transformed with a plasmid that
overexpresses Sup35p and plated on YPD. [PSI+] was scored by the appearance of light pink sectoring on the colonies. Three independent transformants were scored for [PSI+] induction. Approximately 200 colonies
were analyzed for each and a total of four [PSI+] colonies were obtained.
The graph indicates the percentage of sectoring cells with wild type set
to 100%. Error bars indicate standard error of at least three separate
replicates.

of Rnq1p may require less Hsp104p activity to propagate than
aggregates of Sup35p. Interestingly, too much Hsp104p activity cures [PSI+ ] but not [RNQ + ].11,25 Thus, [RNQ + ] appears
to persist through a broader range of Hsp104 activities. This
may be one reason why [RNQ + ] cells are found in nature while
[PSI+ ] cells are not.61 Allowing [RNQ + ] to persist over a broader
range of conditions may also benefit the yeast as the presence
of the [RNQ + ] prion dramatically increases the appearance of
[PSI+ ].10-12,62 Further investigations into the different regulation
of yeast prions will lead to a better understanding of their biological function.
In further characterizing the effect of E190K on [RNQ +] by
looking at the high, medium and low [PIN+] variants, we found
that the mixed hexamers of wild type and Hsp104p-E190K differ in their ability to recognize and/or propagate the [RNQ +]
variants. Previous data suggests that medium and low [PIN+]
have different aggregate structures than high [PIN+].63 While
Hsp104p-E190K is not the first Hsp104p mutant to show differential curing of [PSI+] and [RNQ +],29 it is the first Hsp104
mutant that demonstrates a difference in recognition between
the variants of [RNQ +]. Interestingly, the overexpression of the
Hsp40 co-chaperone Ydj1p showed differential curing of the
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[RNQ +] strain variants, suggesting that the whole chaperone network is involved in recognizing distinct structures.40
Another Hsp40, Sis1p, is essential for the propagation of
[RNQ +] and interactions between Sis1p and Rnq1p have been
proposed to generate the infectious seeds required for [RNQ +]
propagation.33,44 The Rnq1p-L94A mutation dramatically
reduces the ability of Rnq1p to bind Sis1p but does not completely abolish binding.58 Our data indicate that the reduction in
Sis1p binding prevents the protein from effectively maintaining
a prion. It appears that Rnq1p-L94A aggregates non-specifically,
indicating that the interaction with Sis1p promotes the formation
of ordered aggregates. These non-specific aggregates are unable to
induce [PSI+], suggesting the aggregation of Rnq1p alone is not
sufficient to promote [PSI+] induction.
Materials and Methods
Strain and plasmid construction. All S. cerevisiae strains were
derived from 74-D694. Standard culturing and manipulation
techniques were used for both yeast and Escherichia coli.49 Yeast
strains were grown in either a rich medium, YPD (1% yeast
extract, 2% peptone, 2% glucose), or a synthetic medium (0.67%
yeast nitrogen base, 2% glucose) lacking the appropriate amino
acids to select for plasmids. Haploid spores were generated from
diploid parents and isolated by micromanipulation.
RRP has been described previously.50 pPROEx Htb Hsp104
has previously been described.21 A fragment containing the E190K
mutation was amplified using the oligonucleotides 5'-TTC TTT
CAA AGG CAC CAT CC and 5'-CGG GAT CCA CCC TTG
AAT CGA ATC AGC A. This product was digested with BglII
and EcoRI and ligated into a BglII/EcoRI fragment of pPROEx
Htb Hsp104 to generate pPROEx Htb Hsp104-E190K. HSP104
was cloned into pRS316,51 by digesting pPROEx Htb Hsp104
with BamHI and XhoI and ligated into a BamHI/XhoI fragment
of pRS316. Sequence carrying the E190K mutation was excised
from pPROEx Htb Hsp104-E190K on a BglII and EcoRI fragment and ligated into a cognate fragment of pRS316-Hsp104 or
pRS306-Hsp104 to create pRS316-Hsp104-E190K and pRS306Hsp104-E190K, respectively. Single mutants were also cloned
with bridge PCR. The N-terminus of RNQ1 was amplified with
the oligonucleotide 5'-GGG GAT ATC ATG GAT ACG GAT
AAG TTA ATC TCA GAG G-3' and an oligonucleotide specific
to the mutant. The reverse complement of the mutant specific
oligonucleotide was then used along with the oligonucleotide
5'-CCC GTC GAC TCA GTA GCG GTT CTG GTT GCC
G-3' to amplify the C-terminus of RNQ1. This produced full
length RNQ1 carrying the desired mutation which was digested
with EcoRV and SalI and ligated into pRS313 that contained the
RNQ1 promoter on an EcoRV/EcoRI fragment and the RNQ1
terminator on a SalI/XhoI fragment. For GPD-Rnq1-L94A, an
EcoRV/SalI fragment was removed from the pRS313-Rnq1-L94A
mutant and cloned into a EcoRV/SalI fragment of p413-GPD.
EMS mutagenesis. Overnight cultures of [RNQ +] cells
expressing RRP were washed twice in 50 mM potassium phosphate buffer pH 7.0 and then resuspended in buffer. The cells
were normalized to 5 x 107 cells/ml and incubated with ethyl
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methyl sulfonate (EMS) at a final concentration of 3% (v/v).
Mutagenesis was halted at various time points by the addition of
an equal volume of 10% Na 2S2O3. The treated cells were extensively washed with H2O and their viability was determined by
plating assay. A culture with approximately 14% viable cells was
plated on YPD to assess color.
Analysis of [RNQ +] status. The [RNQ +] status of the cells
was biochemically assessed in one of two ways.52 For a full
solubility assay, yeast cells were lysed with glass beads in buffer containing 100 mM Tris-HCl pH 7, 200 mM NaCl, 1 mM
ethylendiaminetetraacetic acid (EDTA), 5% glycerol, 0.5 mM
dithiothreitol (DTT), 50 mM N-ethylmaleimide (NEM), 3 mM
phenylmethanesulphonylfluoride (PMSF) and complete Mini
protease inhibitor cocktail (Roche). Following lysis, an equal volume of RIPA buffer (50 mM Tris-HCl pH 7, 200 mM NaCl, 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate (SDS)) was added to the lysate and cell debris was cleared
by a brief centrifugation. This cleared lysate is the total protein.
Insoluble protein was pelleted by centrifugation at 80,000 RPM
(27,000 xg) in a Beckman TLA-100 rotor for 30 minutes. The
supernatant containing the soluble protein was removed and
the pellet was resuspended in a 1:1 mix of lysis buffer and RIPA
buffer. Total, supernatant and pellet fractions were subjected to
SDS-PAGE, transferred to PVDF membranes and probed with
an anti-Rnq1p antibody.
Well trap assays were performed as previously described.52
Cells were lysed with glass beads in buffer containing 50 mM
Tris-HCL pH 7.5, 50 mM KCl, 10 mM MgCl2 and 5% glycerol
supplemented with an anti-protease solution (Sigma), 10 mM
PMSF, 50 mM NEM. Lysate was incubated in sample buffer
(100 mM Tris-Cl pH 6.8, 1% SDS, 10% glycerol, 0.1% bromophenol blue) for seven minutes at room temperature. Treated
lysates were subjected to SDS-PAGE, transferred to PVDF and
blotted with an anti-Rnq1p antibody.
Thermotolerance assays. Thermotolerance assays were
performed as previously described.53 Equal numbers of yeast cells
in logarithmic growth were resuspended in liquid medium. The
resuspended cells were pretreated at 37°C for 30 minutes and
then shifted to 50°C for various periods of time. Following heat
shock, the cells were incubated on ice for 2 minutes. The cells
were then serially diluted and spotted onto YPD.
Hsp104p purification. His6 -Hsp104p and His6 -Hsp104pE190K were expressed and purified from E. coli BL21(DE3)
as previously described.21 Polyhistidine-tagged Hsp104p and
Hsp104-E190K were isolated by affinity chromatography on
Ni-NTA sepharose. The histidine tag was cleaved with TEV
protease and the untagged protein further purified by anion
exchange chromatography. The fractions were analyzed by SDSPAGE, pooled and frozen at -80°C.
ATPase activity assay. Characterization of Hsp104 ATPase
activity was performed in Buffer A (40 mM Tris, pH 7.5, 175
mM NaCl, 5 mM MgCl2, 0.02% Triton X-100) as reported.54
The reactions were performed at 37°C with either 1 μg Hsp104p
or 5 μg Hsp104-E190K and 5 mM ATP (Sigma). At various time
points during the reaction, Malachite Green Reagent was added
to the reaction tube to quantify the amount of free Pi and the
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color development was stopped by the addition of citric acid. The
A650 of the sample was determined and the absorbance units calibrated against a standard of known concentrations of KH2PO4.
Each time point was done three independent times and the mean
± standard deviation was calculated.
Gel filtration chromatography. Gel filtration was performed
as previously described.55 Two milligrams of purified Hsp104p
or Hsp104p-E190K were incubated for 5 minutes on ice with
Buffer B (40 mM Tris-HCL, pH 8.0, 15 mM NaCl, 5 mM
MgCl2, 10 mM ATP) before loading onto Sephacryl S-300 High
Resolution resin (Amersham Biosciences). The column was
equilibrated in Buffer B and was run at 4°C at a flow rate of
0.05 mL/min. Fractions (5 mL) were collected and analyzed for
the presence of Hsp104 by western blot using an antibody probe
against Hsp104p. Resolved bands were quantified using Image J.
Molecular weights of Hsp104p and Hsp104p-E190K were estimated by comparison of their elution profiles with the following standards: thyroglobulin Mr 670,000; catalase Mr 250,000;
bovine serum albumin Mr 66,000.
[PSI +] induction assays. [PSI+] induction assays were performed as described previously.50 Plasmid shuffled strains containing the Rnq1p mutants were transformed with a Ura-marked
plasmid carrying SUP35 (pSUP2,56) and plated on selective media
for both plasmids. Individual transformants were grown in selective media to OD600 ~1.6 and plated on YPD. After five days of
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